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SYSTEMS AND METHODS FOR 
FABRICATING STRUCTURES INCLUDING 
METALLIC GLASS-BASED MATERIALS 
USING ULTRASONIC WELDING 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 


The current application claims priority to U.S. Provisional 
Application No. 61/814,998, filed Apr. 23, 2013, the disclo- 
sure of which is incorporated herein by reference. 


STATEMENT OF FEDERAL FUNDING 


The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 U.S.C. 202) in which 
the Contractor has elected to retain title. 


FIELD OF THE INVENTION 


The present invention generally relates to fabricating 
structures including metallic glass-based materials using 
ultrasonic welding. 


BACKGROUND 


Metallic glasses, also known as amorphous alloys, 
embody a relatively new class of materials that is receiving 
much interest from the engineering and design communities. 
Metallic glasses are characterized by their disordered 
atomic-scale structure in spite of their metallic constituent 
elements—i.e. whereas conventional metallic materials typi- 
cally possess a highly ordered atomic structure, metallic 
glass materials are characterized by their disordered atomic 
structure. Notably, metallic glasses typically possess a num- 
ber of useful material properties that can allow them to be 
implemented as highly effective engineering materials. For 
example, metallic glasses are generally much harder than 
conventional metals, and are generally tougher than ceramic 
materials. They are also relatively corrosion resistant, and, 
unlike conventional glass, they can have good electrical 
conductivity. Importantly, the manufacture of metallic glass 
materials lends itself to relatively easy processing in certain 
respects. For example, the manufacture of a metallic glass 
can be compatible with an injection molding process. 

Nonetheless, the manufacture of metallic glasses presents 
challenges that limit their viability as engineering materials. 
In particular, metallic glasses are typically formed by raising 
a metallic alloy above its melting temperature, and rapidly 
cooling the melt to solidify it in a way such that its 
crystallization is avoided, thereby forming the metallic 
glass. The first metallic glasses required extraordinary cool- 
ing rates, e.g. on the order of 10° K/s, and were thereby 
limited in the thickness with which they could be formed. 
Indeed, because of this limitation in thickness, metallic 
glasses were initially limited to applications that involved 
coatings. Since then, however, particular alloy compositions 
that are more resistant to crystallization have been devel- 
oped, which can thereby form metallic glasses at much 
lower cooling rates, and can therefore be made to be much 
thicker (e.g. greater than 1 mm). These metallic glass 
compositions that can be made to be thicker are known as 
“bulk metallic glasses’ (“BMGs”). 

In addition to the development of BMGs, “bulk metallic 
glass matrix composites’ (BMGMCs) have also been devel- 
oped. BMGMCs are characterized in that they possess the 
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amorphous structure of BMGs, but they also include crys- 
talline phases of material within the matrix of amorphous 
structure. For example, the crystalline phases can exist in the 
form of dendrites. The crystalline phase inclusions can 
impart a host of favorable materials properties on the bulk 
material. For example, the crystalline phases can allow the 
material to have enhanced ductility, compared to where the 
material is entirely constituted of the amorphous structure. 
BMGs and BMGMCs can be referred to collectively as 
BMG-based materials. Similarly, metallic glasses, metallic 
glasses that include crystalline phase inclusions, BMGs, and 
BMGMCs can be referred to collectively as metallic glass- 
based materials or MG-based materials. 


SUMMARY OF THE INVENTION 


Systems and methods in accordance with embodiments of 
the invention fabricate objects including metallic glass- 
based materials using ultrasonic welding. In one embodi- 
ment, a method of fabricating an object that includes a 
metallic glass-based material includes: ultrasonically weld- 
ing at least one ribbon to a surface; where at least one ribbon 
that is ultrasonically welded to a surface has a thickness of 
less than approximately 150 «um; and where at least one 
ribbon that is ultrasonically welded to a surface includes a 
metallic glass-based material. 

In another embodiment, at least one ribbon that is ultra- 
sonically welded to a surface has a thickness of less than 
approximately 100 um. 

In yet another embodiment, the metallic glass-based 
material was formed by exposing its composition to a 
cooling rate of greater than approximately 10° K/s. 

In still another embodiment, the metallic glass-based 
material was formed by exposing its composition to a 
cooling rate of greater than approximately 10° K/s. 

In still yet another embodiment, at least one ribbon that is 

ultrasonically welded to a surface includes a metallic glass- 
based material having a composition that is characterized by 
a critical casting thickness of greater than approximately 1 
mm. 
In a further embodiment, at least one ribbon that is 
ultrasonically welded to a surface includes a metallic glass- 
based material having a composition that is characterized by 
a temperature difference between its respective glass tran- 
sition temperature and its crystallization temperature of 
greater than approximately 90° C. 

In a still further embodiment, the metallic glass-based 
material is such that when the associated ribbon is ultra- 
sonically welded to a surface, the adjoined surfaces exhibit 
less than 10% porosity. 

In a yet further embodiment, at least one ribbon that is 
ultrasonically welded to a surface includes a metallic glass- 
based material, for which the most abundant constituent 
element is one of: Zr, Ti, Cu, Ce, Ni, Fe, La, Mg, Pd, Pt, Au, 
and Ag. 

In a still yet further embodiment, at least one ribbon that 
is ultrasonically welded to a surface includes a metallic 
glass-based material that is one of: Zr;,Ti,Cu,;Be,5; 
Zr541i, Cu)» sBer» 5; Zt35Tiz9CUg 25Beo 6.75; 
Zr4) 2Tiy3 gNijoCUy2 sBez. 5; Zt46.75 lg 25Ni,oCuy sBea7 5; 
Pdy3Nij (CUlz7P 29; PtsoNi,sP25: CeggCUzoAl Nba; 
AuyAgs sPd, 3Cty. oSti6.33 Pts; sCUy4 Nis 3Po9 53 
2136.6 113) 4Nb;Cus 9Be)o 1; TiggZTaoVi2CusBe,;; and mix- 
tures thereof. 

In another embodiment, each of a plurality of ribbons is 
ultrasonically welded to a surface. 
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In still another embodiment, at least one surface includes 
a metallic glass-based material. 

In yet another embodiment, at least one surface includes 
a conventional crystalline metal. 

In still yet another embodiment, a method of fabricating 
an object including a metallic glass-based material further 
includes removing portions of at least one ribbon that has 
been ultrasonically welded to a surface. 

Ina further embodiment, removing portions of at least one 
ribbon is accomplished using a milling tool. 

In a still further embodiment, at least one surface is flat. 

In a yet further embodiment, at least one surface includes 
curves. 

In a still yet further embodiment, at least a plurality of 
ribbons are simultaneously ultrasonically welded together. 

In another embodiment, a method of fabricating an object 
including a metallic glass-based material further includes 
deforming the ultrasonically welded ribbon. 

In still another embodiment, the surface is the inner wall 
of a pipe, and the metallic glass-based material is charac- 
terized by a reduced coeflicient of friction relative to the 
inner wall of the pipe. 

In yet another embodiment, the metallic glass-based 
material includes a precious metal. 

In still yet another embodiment, the precious metal is one 
of gold, silver, platinum, ruthenium, rhodium, palladium, 
osmium, iridium, and combinations thereof. 

In a further embodiment, each of a plurality of ribbons is 
ultrasonically welded to a surface, such that the aggregate of 
each of the plurality of ribbons forms a piece of jewelry. 

In a still further embodiment, the formed piece of jewelry 
includes greater than approximately 90% precious metal, as 
measured by mass. 

In a yet further embodiment, the formed piece of jewelry 
includes greater than approximately 90% precious metal, as 
measured by atomic ratio. 

In a still yet further embodiment, the formed piece of 
jewelry includes greater than approximately 95% precious 
metal, as measured by mass. 

In another embodiment, the formed piece of jewelry 
includes greater than approximately 95% precious metal, as 
measured by atomic ratio. 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1 illustrates ultrasonically welding a ribbon to a 
surface in accordance with an embodiment of the invention. 

FIG. 2 illustrates simultaneously ultrasonically welding a 
plurality of ribbons to form an object in accordance with an 
embodiment of the invention. 

FIGS. 3A-3D illustrate iteratively ultrasonically welding 
each of a plurality of ribbons to a surface in accordance with 
an embodiment of the invention. 

FIGS. 4A-4B illustrate how crack propagation may be 
redirected in structures fabricated by the iterative ultrasonic 
welding of ribbons in accordance with an embodiment of the 
invention. 

FIG. 5 illustrates the general relationship between cooling 
rate and mechanical properties for metallic glass-based 
materials. 

FIG. 6 illustrates a method of fabricating an object by 
forming at least one ribbon that includes a metallic glass- 
based material that has been cooled at a cooling rate above 
approximately 10° K/s, and ultrasonically welding the 
formed ribbon to a surface in accordance with an embodi- 
ment of the invention. 


10 


25 


40 


45 


60 


65 


4 


FIGS. 7A-7B illustrate fabricating objects by ultrasoni- 
cally welding a ribbon that includes a metallic glass-based 
material to a surface that includes a conventional crystalline 
metal in accordance with an embodiment of the invention. 

FIG. 8 illustrates a method of fabricating an object by 
ultrasonically welding at least one ribbon to a surface, and 
removing at least some portion of at least one ultrasonically 
welded ribbon in accordance with an embodiment of the 
invention. 

FIG. 9 schematically depicts ultrasonically welding each 
of a plurality of ribbons to a surface and using a milling tool 
to remove portions of some of the ultrasonically welded 
ribbons in accordance with an embodiment of the invention. 

FIG. 10 illustrates ultrasonically welding a ribbon to a 
cylindrical surface in accordance with an embodiment of the 
invention. 

FIGS. 11A-11C illustrate objects that can be fabricated so 
as to include a metallic glass-based material in accordance 
with an embodiment of the invention. 

FIG. 12 illustrates fabricating an object that includes a 
metallic glass-based material by ultrasonically welding a 
ribbon to a surface to form a sheet material and deforming 
the sheet material in accordance with an embodiment of the 
invention. 

FIG. 13 illustrates lining the inside of a pipe with a 
metallic glass-based material in accordance with an embodi- 
ment of the invention. 


DETAILED DESCRIPTION 


Turning now to the drawings, systems and methods for 
fabricating objects including a metallic glass-based material 
using ultrasonic welding are illustrated. In many embodi- 
ments, a method of fabricating an object that includes a 
metallic glass-based material includes ultrasonically weld- 
ing at least one ribbon to a surface, where the ribbon 
includes a metallic glass-based material and has a thickness 
of less than approximately 150 um. In numerous embodi- 
ments a series of ribbons that include a metallic glass-based 
material and are less than approximately 150 ym are each 
ultrasonically welded to at least one other ribbon that has 
been ultrasonically welded to a surface in an iterative 
manner to build up a desired object in accordance with an 
ultrasonic consolidation process. In a number of embodi- 
ments, at least one of the ribbons that is ultrasonically 
welded to a surface includes a metallic glass-based material 
that is characterized in that it has relatively good glass 
forming ability. In several embodiments, the included metal- 
lic glass-based material has a critical casting thickness of 
greater than approximately 1 mm. In some embodiments, the 
included metallic glass-based material is characterized in 
that the temperature difference between its crystallization 
temperature and its glass transition temperature is greater 
than approximately 90° C. In several embodiments, the most 
abundant constituent element within the included metallic 
glass-based is a precious metal. In a number of embodi- 
ments, the method of fabricating an object including a 
metallic glass-based material further includes raising the 
temperature of the metallic glass-based material to above its 
respective glass transition temperature, and deforming the 
heated metallic glass-based material. 

While metallic glass-based materials are characterized by 
a host of desirable materials properties, it has proved to be 
challenging to fabricate objects that include metallic glass- 
based materials so as to take advantage of their beneficial 
materials properties. For example, although molten metallic 
glass compositions can be cast into molds to form them into 
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desired shapes, these fabrication techniques are limited 
insofar as care must be taken to ensure that after the molten 
composition is cast, it can be subjected to a sufficiently high 
cooling rate (i.e. the critical cooling rate) so as to develop the 
desired amorphous structure that gives rise to the sought 
after material properties. This generally imposes an upper 
limit on the thickness of the cast part (with the general 
understanding that thicker parts are slower to cool). 

Against this background, it would be useful to develop 
techniques that can allow the fabrication of objects that 
include metallic glass-based materials in any of a variety of 
form factors. Thus, for instance, Douglas Hofmann dis- 
closed techniques for forming solid layers of a metallic 
glass-based material by applying a liquid phase coating layer 
of a metallic glass-based composition to a surface and 
rapidly cooling the surface in U.S. patent application Ser. 
No. 14/060,478, entitled “Systems and Methods Implement- 
ing Layers of Metallic Glass-Based Materials”. Douglas 
Hofmann et al. also disclose techniques for deforming 
provided metallic glass-based feedstock materials—e.g. in 
the form of a solid layer—into desired shapes in U.S. patent 
application Ser. No. 14/525,585, entitled “Systems and 
Methods for Shaping Sheet Materials that Include Metallic 
Glass-Based Materials”. Douglas Hofmann also disclosed 
techniques for additively manufacturing a component that 
includes a metallic glass-based material using, for example, 
a thermal spraying technique in U.S. patent application Ser. 
No. 14/163,936, entitled “Systems and Methods for Fabri- 
cating Objects Including Amorphous Metal Using Tech- 
niques Akin to Additive Manufacturing.” The disclosures of 
US. patent application Ser. Nos. 14/060,478, 14/163,936, 
and 14/525,585 are each hereby incorporated by reference in 
their entirety. The state of the art can benefit from further 
techniques for fabricating objects that include metallic glass- 
based materials. 

Thus, in many embodiments of the invention, methods for 
fabricating an object that includes a metallic glass-based 
material include using ultrasonic welding to adjoin a ribbon 
that includes a metallic glass-based material to a surface. 
Ultrasonic welding is a low temperature bonding technique 
whereby high-frequency ultrasonic acoustic vibrations are 
locally applied to work pieces being held together under 
pressure to create a solid-state weld. For example, high 
frequency ultrasonic vibrations may be on the order of 
20,000 Hz. Notably, using low temperature bonding tech- 
niques to adjoin a ribbon that includes a metallic glass-based 
material can be advantageous insofar as it can reduce the risk 
of corrupting the amorphous structure of the metallic glass- 
based material and, as a result, can allow the retention of its 
desirable material properties. In many instances, ribbons are 
iteratively ultrasonically welded so as to build up an object 
having a desired shape in accordance with ultrasonic con- 
solidation techniques. Generally, ‘ultrasonic consolidation’ 
(also known as ultrasonic additive manufacturing) can be 
understood to refer to an additive manufacturing technique 
that is based on the ultrasonic welding of ribbons. Using 
ultrasonic welding to fabricate objects that include metallic 
glass-based materials in these ways can confer a host of 
advantages. Implementing ultrasonic welding techniques in 
conjunction with ribbons that include a metallic glass-based 
material is now described in greater detail below. 
Ultrasonic Welding of Ribbons Including Metallic Glass- 
Based Materials 

In many embodiments, a ribbon that includes a metallic 
glass-based material is ultrasonically welded to a surface to 
create an object including a metallic glass-based material. 
Any suitable metallic glass-based material can be imple- 
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mented, and any suitable surface can be implemented. In 
many embodiments, this process is iterated to build up a 
part. In this way, the described techniques are versatile. 

Notably, any ultrasonic welding technique may be incor- 
porated in accordance with embodiments of the invention. 
For example, FIG. 1 depicts a typical ultrasonic welding 
apparatus that may be used to ultrasonically weld a ribbon 
that includes a metallic glass-based material with a surface 
in accordance with embodiments of the invention. In par- 
ticular, FIG. 1 depicts a ribbon that includes a metallic 
glass-based material 102 that is being ultrasonically welded 
to a base surface 104. The ribbon 102 and the base surface 
104 are supported by an anvil 106. The ultrasonic welding 
apparatus 100 includes a horn 108 that applies pressure to 
the ribbon 102 and the base surface 104 and causes the 
ultrasonic vibrations that result in the bonding of the ribbon 
102 and the base surface 104. The transducer 110 actuates 
the horn 108 allowing it to ultrasonically vibrate the surfaces 
to be adjoined. While the illustrated embodiment depicts a 
ribbon that is in a rectangular shape being adjoined to a 
surface, the ribbon can be of any shape in accordance with 
embodiments of the invention. For example, a ribbon having 
a circular shape can be ultrasonically welded to a surface in 
accordance with embodiments of the invention. 

In some embodiments, a plurality of ribbons—at least one 
of which including a metallic glass-based ribbon—are 
simultaneously ultrasonically welded together. For example, 
FIG. 2 depicts that a plurality of ribbons having been 
simultaneously ultrasonically welded. In particular, FIG. 2 
depicts two stacks of ribbons 212, each having a portion that 
has been ultrasonically welded 214, and a portion that has 
not been ultrasonically welded 216. The contrast between 
the two portions 214 and 216 demonstrates the quality of the 
bond that can be formed. Again, while rectangular ribbons 
are illustrated, it should be clear that the ribbons can be of 
any shape in accordance with embodiments of the invention. 

In a number of embodiments, each of a plurality of 
ribbons, at least one of which including a metallic glass- 
based material—is ultrasonically welded to a surface to form 
an object that includes a metallic glass-based material. For 
example, the ribbons may be iteratively ultrasonically 
welded, one on top of the other, in accordance with an 
ultrasonic consolidation process. FIGS. 3A-3D depict an 
object being fabricated by the iterative ultrasonic welding of 
ribbons that include metallic glass-based materials. In par- 
ticular, FIG. 3A depicts two ribbons 302 that are to be 
ultrasonically welded together. Note that each of the ribbons 
is depicted as including a surface oxide layer 303. FIG. 3B 
depicts the bonding of the two ribbons 302 using an ultra- 
sonic welding apparatus 308. Note that in FIG. 3B the 
surface oxide that was present at the interface is dissolved. 

It is generally understood that when ultrasonically weld- 
ing two ribbons, each of the ribbons may have a surface 
oxide and the ultrasonic welding operation functions to 
dissolve the surface oxide thereby allowing the ribbons to 
fuse. Additionally, in many instances, the ultrasonic welding 
does not result in a homogenous microstructure; instead 
there may be a distinct weld region that separates the base 
regions. Although, it should of course be understood that 
embodiments of the invention are not limited to the achieve- 
ment of these phenomena. 

FIG. 3C depicts that a third ribbon has been ultrasonically 
welded to the previously welded ribbons. FIG. 3D depicts 
that this process has been iterated two more times. Of course 
it should be understood that this process can be iterated any 
number of times in accordance with embodiments of the 
invention. The aggregate of the ribbons 302 can thereby 
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form a single contiguous object where each of the deposited 
ribbons 302 defines a different layer of the fabricated object. 
In this way, the final fabricated object can embody a 
laminated structure. Importantly, as can be appreciated, the 
ribbons that are ultrasonically welded to a surface can adopt 
any shape such that any of a variety of objects can be built 
up using this ultrasonic consolidation technique. For 
example, in many embodiments, the ribbons of varying 
cross-sections are ultrasonically welded together to form a 
desired object. In a number of embodiments, the shape of the 
ribbons includes holes; consequently, objects having hol- 
lowed out portions can be fabricated. In effect, the shape of 
the ultrasonically welded ribbon defines the shape of the 
cross-section of the built up object. In general, ribbons 
having any of a variety of shapes can be implemented, which 
can allow for the fabrication of objects having any of a 
variety of shapes. 

Notably, in many instances, the distinct weld regions can 
improve the material properties of the bulk fabricated struc- 
ture. For instance, FIGS. 4A and 4B depict how the ‘lami- 
nated structure’ can divert the propagation of a crack. In 
particular, FIG. 4A depicts a situation where a crack 422 has 
propagated through a single homogenous structure 432 to an 
extent that it causes its complete fracture. Conversely, FIG. 
4B depicts the analogous situation where the structure is 
constituted of ultrasonically welded ribbons 402, and 
includes welding regions 405. Importantly, FIG. 4B depicts 
that the welded regions 405 divert the propagation of the 
crack so that it does not result in the complete fracturing of 
the part. 

Importantly, it should also be noted that the ribbons can 
include any of a variety of metallic glass-based material in 
accordance with embodiments of the invention. For 
example, whereas conventional techniques for fabricating 
objects that include metallic glass-based materials may be 
limited to implementing bulk metallic glass-based materials, 
the instant techniques are not necessarily so limited to 
implementing some specific subset of metallic glass-based 
materials. For instance, in many embodiments the ribbons 
that are ultrasonically welded have a thickness of less than 
approximately 150 tum, and have been correspondingly 
cooled at cooling rates higher than approximately 10° K/s to 
form the constituent metallic glass-based material. In 
numerous embodiments, the ribbons that are ultrasonically 
welded have a thickness less than approximately 100 um. As 
can be appreciated, thinner ribbons can promote faster 
cooling rates, and there exist many metallic glass-based 
compositions that can be formed with such rapid cooling 
rates. Indeed, many of these compositions may be better 
suited materials from which to form the object. For example, 
jewelry can be fabricated using ribbons that include a 
metallic glass-based material that includes constituent pre- 
cious metals in accordance with embodiments of the inven- 
tion—this will be described in greater detail below. 

It should thus be clear that any of a variety of metallic 
glass-based materials can be implemented in accordance 
with embodiments of the invention. For example, in many 
embodiments, the molten metallic alloy has a composition 
based on one of: zirconium, titanium, nickel, cobalt, iron, 
palladium, platinum, gold, copper, tungsten, niobium, haf- 
nium, aluminum, and mixtures thereof. The term ‘based on’ 
can be understood as follows: when a composition is ‘based 
on’ an element, that element is the most abundant within the 
given composition. In a number of embodiments, the molten 
metallic alloy composition includes at least 50% (atomic) of 
one of the following combinations: Zr—Ti—Be, Cu—7Zr, 
Cu—Zr—Al, Ni—P, Fe—P, Pd—P, Cu—P, Al-~Y, and 
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Ni—Nb (note that the relative atomic ratios of the elements 
are not listed—they can be present in any relative amount in 
accordance with embodiments of the invention). In many 
embodiments, the metallic glass-based material is one of the 
materials reported by Gang Duan et al. in Advanced Mate- 
rials 2007, 19, 4272-4275, “Bulk Metallic Glass with 
Benchmark Thermoplastic Processability,” ie. one of: 
Zr5, TigCu, sBe,5; Zr54Ti,,CUy» sBer. 53 
Zr35Ti39CUg »sBer6 753 Zr4y 21,3, gNijoCuy sBe>, 53 


2146.75 lig.25Ni, 0CU7_sBes7.5 3 Pdy3NioCu27P 9; 
PteoNi;5P 253 ' CeogCuzoAl, oNb,; 
AuyoAgs 5Pds 3CUr6 9Sii6.3;  Pts7 sCUy47Nis3P225; and 


mixtures thereof. The disclosure of Advanced Materials 
2007, 19, 4272-4275 is hereby incorporated by reference. In 
many embodiments, the metallic glass-based material is one 
of. Zr36.6 13, 4Nb;Cus (Beyo); — TiygZaoV2CusBe,5; 
FegsBooijs; Fe3gNi37B..Mo3; Coso sB,2SigFe,Ni,Mo, 5; 
Co5,B,,Si,;FegNi,; Fes7B2,;SigCr,; and mixtures thereof. 
In many embodiments, the metallic glass-based material is 
based on Aluminum—a metallic glass-based material that is 
based on Aluminum can be relatively less dense and can 
thereby be advantageous for certain applications. 

In numerous embodiments, metallic glass-based materials 
are implemented that promote the eflicacy of the bonding 
caused by the ultrasonic welding. For example, ultrasonic 
welding may leave voids in between the adjoined surfaces, 
and the extent of this porosity may be a function of the 
constituent materials being ultrasonically welded. Accord- 
ingly, the implemented metallic glass-based material may be 
selected so as to reduce the porosity. Thus, in many embodi- 
ments, a metallic glass-based material is implemented such 
that the extent of any such porosity between ultrasonically 
welded ribbons is less than approximately 10% of the 
bonded surface area. In many embodiments a metallic 
glass-based material is implemented that allows the ultra- 
sonic welding process to result in less than approximately 
1% porosity. 

Although several examples are given, it should be clear 
that any suitable metallic alloy composition that can be 
made to form a metallic glass-based material can be used in 
accordance with embodiments of the invention. It should 
again be emphasized that the metallic glass-based compo- 
sitions that are used do not have to be bulk metallic glass 
compositions because the techniques described herein can 
include cooling thinly deposited layers of molten metallic 
alloys—thinly formed geometries cool much more rapidly 
than thick ones, and can thereby allow metallic glass-based 
material to form much more easily. In other words, the 
implemented metallic glass-based materials do not have to 
have relatively high critical cooling rates. As a result, 
whereas conventional techniques (e.g. casting) for forming 
relatively larger objects were largely limited to implement- 
ing bulk metallic glass compositions, the techniques 
described herein are generally not so limited. 

Importantly, the toughness of an amorphous metal is also 
a function of the cooling rate by which it was formed. 
Demetriou et al. demonstrate this phenomenon in Applied 
Physics Letters 95, 041907 (2009), “Glassy steel optimized 
for glass-forming ability and toughness.” The disclosure of 
Applied Physics Letters 95, 041907 (2009) is hereby incor- 
porated by reference. In general, Demetriou et al. demon- 
strate that the toughness of a cast part will tend to linearly 
decrease as a function of its thickness. 

Harmon et al. explain the underlying mechanisms for this 
phenomenon in Physical Review Letters 99, 135502 (2007), 
“Anelastic to Plastic Transition in Metallic Glass-Forming 
Liquids”; generally, Harmon et al. explain that the toughness 
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of an amorphous metal is related to its internal energy, and 
increasing the cooling rate used in the formation of the 
amorphous metal can increase its internal energy. In other 
words, a high cooling rate can trap the largest free-volume 
in the glass, which can allow for a higher toughness. Thus, 
as thicker castings have lower cooling rates, parts that are 
cast thicker will tend to have a correspondingly lower 
toughness. And it follows that increasing the cooling rate in 
forming an amorphous metal can increase its toughness. 

Bear in mind that the toughness of a material can corre- 
spond with any of a variety of its material properties. For 
example, that the toughness is correlated with its shear 
modulus is touched on in Garret et al., in Applied Physics 
Letters 101, 241913 (2012), “Effect of Microalloying on the 
toughness of metallic glasses.” The disclosure of Applied 
Physics Letters 101, 241913 (2012) is hereby incorporated 
by reference. Generally, lower shear moduli correspond with 
higher toughness values. 

FIG. 5 depicts how implementing rapid cooling rates can 
impact material properties. Generally, it is depicted that 
metallic glass-based materials can be made to be tougher 
when they are formed with faster cooling rates. 

Thus, it can be seen that by using an ultrasonic consoli- 
dation process in accordance with embodiments of the 
invention, objects can be fabricated having relatively robust 
mechanical properties. For example, ribbons can be imple- 
mented that include metallic-glass based materials that were 
developed by implementing extremely rapid cooling rates, 
which can toughen the metallic glass-based material. Addi- 
tionally, as described above, the ‘laminated structure’ can 
impede crack propagation and can thereby allow the fabri- 
cated object to demonstrate robust mechanical performance. 

Accordingly, in many embodiments of the invention, a 
method of fabricating an object that includes a metallic 
glass-based material includes forming at least one ribbon 
that includes a metallic glass-based material having robust 
mechanical properties, and ultrasonically welding the at 
least one formed ribbon to a surface to thereby fabricate the 
desired object. FIG. 6 depicts a method of fabricating an 
object including a metallic glass-based material where a 
ribbon is formed by subjecting it to an extremely high 
cooling rate, and thereby developing a metallic glass-based 
material having robust mechanical properties. In particular, 
the method 600 includes forming at least one ribbon that 
includes a metallic glass-based material by subjecting the 
ribbon to extremely high cooling rates. For example, a 
cooling rate of greater than approximately 10° K/s can be 
implemented. In some embodiments, cooling rates as high as 
10° K/s are implemented. The high cooling rate can be 
achieved using any suitable forming process in accordance 
with embodiments of the invention. For example, the ribbon 
can be formed using ribbon or splat quenching, thermal 
spraying, atomic deposition, and/or combinations thereof. 
These techniques can allow high cooling rates to be mani- 
fested which can allow the metallic glass-based material 
within the formed ribbon to develop robust mechanical 
properties. Of course, it should be clear that the imple- 
mented metallic glass-based material can be developed to 
have robust mechanical properties in any suitable way in 
accordance with embodiments, not just by subjecting to a 
high cooling rate. 

The method 600 further includes ultrasonically welding 
604 the at least one of the formed ribbons to a surface to 
fabricate a desired object. As can be gleaned from the above 
discussion, the ribbons can be iteratively adjoined to sur- 
faces, one on top of the order, in order to build up the desired 
part. Note that because ultrasonic welding is a low tempera- 
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ture bonding process, any risk of corrupting the inherent 
amorphous structure of the metallic glass-based material can 
be reduced. 

A ribbon including a metallic glass-based material can be 
ultrasonically welded to any suitable surface in accordance 
with embodiments of the invention. For example, in many 
embodiments, a ribbon including a metallic glass-based 
material is ultrasonically welded to a surface that includes a 
conventional metal having a crystalline structure. FIGS. 
7A-7B depict ultrasonically welding a ribbon including a 
metallic glass-based material to a surface that includes a 
conventional crystalline metal in accordance with embodi- 
ments of the invention. In particular, FIG. 7A depicts that an 
ultrasonic welding apparatus 708 is being used to ultrasoni- 
cally weld a ribbon that includes a metallic glass-based 
material 702 to a surface entirely constituted of a conven- 
tional crystalline metal 704. Ultrasonic welding can gener- 
ally be used to adjoin two such distinct surfaces. FIG. 7B 
depicts that the ultrasonic welding apparatus 708 is used to 
ultrasonically weld the metallic glass-based ribbon 702 to a 
surface that includes alternating layers of ribbons including 
metallic glass-based material 702 and ribbons including only 
conventional crystalline metals 704. In general, ultrasonic 
welding can be used to adjoin any two metallic materials. In 
this way, highly customized objects that include metallic 
glass based materials can be fabricated—e.g. the objects can 
be fabricated to include different layers of materials. Note 
that although alternating layers of crystalline metallic mate- 
rials and amorphous metallic materials are depicted, any of 
a variety of patterns of layers of materials can be imple- 
mented in accordance with embodiments of the invention. 
For instance, in some embodiments alternating ribbons, each 
including different metallic glass-based materials, are ultra- 
sonically welded together. 

It should also be clear that the above described processes 
can be varied in any number of ways in accordance with 
embodiments of the invention. For instance, in many 
embodiments, a method of fabricating an object including a 
metallic glass-based material includes iteratively ultrasoni- 
cally welding ribbons including metallic glass-based mate- 
rial and removing portions of the ultrasonically welded 
ribbons. In this way, objects that include metallic glass- 
based materials and have arbitrary shapes can be fabricated. 
For example, FIG. 8 depicts a method for fabricating an 
object that includes a metallic glass-based material that 
includes iteratively ultrasonically welding ribbons to a sur- 
face and removing portions of the ultrasonically welded 
ribbons in accordance with embodiments of the invention. In 
particular, the illustrated method 800 includes ultrasonically 
welding 802 at least one ribbon including a metallic glass- 
based material to a surface. From the above, it should be 
clear that any metallic glass-based material can be imple- 
mented. Indeed, in many embodiments, the metallic glass- 
based material within the ribbon has been formed using a 
cooling rate of greater than approximately 10° K/s. In a 
number of embodiments, the ribbon has a thickness of less 
than approximately 100 tum. As also can be appreciated from 
the discussion above, the metallic glass-based material can 
be welded to any suitable surface including a surface that 
includes a metallic glass-based material or a surface that 
includes only a conventional crystalline based metal. The 
method 800 further includes removing 804 at least some 
portion of at least one of the ultrasonically welded ribbons. 
The removal 804 of at least some portion of at least one of 
the ultrasonically welded ribbons can be achieved using any 
suitable technique. For instance, in some embodiments, a 
milling tool is used to remove the at least some portion. It 
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should be clear however that any suitable technique may be 
implemented to remove some portion of the ribbon in 
accordance with embodiments of the invention. The ultra- 
sonic welding 802 and the removal 804 can be repeated any 
number of times in accordance with embodiments of the 
invention. In this way any of a variety of shapes can be 
created. The removal of at least some portion of the ultra- 
sonically welded ribbons can allow for the creation of 
shapes with a hollowed out portion. 

FIG. 9 depicts ultrasonically welding each of a plurality 
of ribbons to a surface and removing portions of at least 
some of the ultrasonically welded ribbons in accordance 
with embodiments of the invention. In particular, it is 
illustrated that an ultrasonic welding apparatus 908 is used 
to ultrasonically weld ribbons 902 together. In the illustrated 
embodiment, a milling tool 909 is depicted that is used to 
remove portions of the ultrasonically welded ribbons 902. In 
this way, any of a variety of arbitrary shapes that include 
metallic glass-based material can be implemented. It should 
be clear that although a milling tool is depicted, any of a 
variety of tools can be used to remove portions of ribbons 
including metallic glass based materials in accordance with 
embodiments of the invention. 

Although the above illustrations have depicted ultrasoni- 
cally welding a ribbon including a metallic glass-based 
material to a flat surface, it should be clear that a ribbon 
including a metallic glass-based material can be ultrasoni- 
cally welded to any surface in accordance with embodiments 
of the invention. For instance, in many embodiments, a 
ribbon including a metallic glass based material is ultrasoni- 
cally welded to a curved surface. FIG. 10 depicts the 
ultrasonic welding of a ribbon to a cylindrical surface in 
accordance with embodiments of the invention. In particu- 
lar, FIG. 10 depicts that an ultrasonic welding apparatus 
1008 is being used to ultrasonically weld a ribbon 1002 
including a metallic glass-based material to a cylindrical 
surface 1004. Of course, it should be clear that although a 
cylindrical surface is depicted, a ribbon including a metallic 
glass-based material can be ultrasonically welded to any 
suitable surface of any suitable geometry in accordance with 
embodiments of the invention. 

As can be inferred from the discussion above, the above- 
mentioned techniques are versatile and can be used to 
fabricate any of a variety of objects in accordance with 
embodiments of the invention. For instance, FIGS. 11A-11C 
depict a small sampling of objects that can be manufactured 
using the above-described techniques. In particular, FIG. 
11A depicts a part having a distinct shape that can be 
fabricated to include a metallic glass-based material using 
the above-described techniques in accordance with embodi- 
ments of the invention. FIG. 11B depicts a watch head that 
can be fabricated in accordance with embodiments of the 
invention. And FIG. 11C depicts a knife that can be fabri- 
cated in accordance with embodiments of the invention. 

Additionally, in many embodiments, ribbons of material 
are ultrasonically iteratively welded so as to form a sheet of 
material. As described in U.S. patent application Ser. No. 
14/252,585 to Doug Hofmann et al., entitled “Systems and 
Methods for Shaping Sheet Materials that Include Metallic 
Glass-based Materials”, there has been much industry inter- 
est in developing techniques for fabricating sheet materials 
that are constituted of metallic glass-based materials; it is 
believed that such sheet materials can more easily lend 
themselves to conventional manufacturing techniques, and 
can thereby facilitate the implementation of metallic glass- 
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based materials. Thus, in many embodiments, such metallic 
glass-based sheet materials are formed using ultrasonic 
welding. 

In a number of embodiments, a method of fabricating an 
object that includes a metallic glass based material includes 
ultrasonically welding a ribbon that includes a metallic 
glass-based material to a surface so as to form a sheet of 
material, and thereafter deforming the sheet of material that 
includes a metallic glass based material using any suitable 
technique. FIG. 12 illustrates a method of fabricating an 
object including a metallic glass-based material by forming 
a sheet of material using ultrasonic welding, and thereafter 
deforming the formed sheet of material. In particular, the 
method 1200 includes ultrasonically welding 1202 at least 
one ribbon to a surface to form a sheet of material including 
a metallic glass-based material. As can be appreciated, any 
of the above described techniques can be implemented. In 
many embodiments, each of a plurality of ribbons—at least 
one of which including a metallic glass based material—is 
ultrasonically welded to at least one other ultrasonically 
welded ribbon to thereby form the sheet of material includ- 
ing a metallic glass-based material. As can be inferred from 
the above discussion, the metallic glass-based material can 
be any suitable material in accordance with embodiments of 
the invention. The method 1200 further includes deforming 
1204 the sheet of material. Any suitable deformation tech- 
nique can be implemented in accordance with embodiments 
of the invention. For instance, the sheet of material can be 
thermoplastically deformed. In these instances, it may be 
beneficial if the included metallic glass-based material can 
be characterized as a ‘good glass former’ in that it has can 
be either characterized by having a critical casting thickness 
of greater than approximately 1 mm or it can be character- 
ized by having a large super-cooled liquid region, e.g. the 
temperature difference between its crystallization tempera- 
ture and its glass transition temperature is greater than 
approximately 90° C. These characteristics can allow a 
metallic glass-based material to be thermoplastically formed 
more easily. In a number of embodiments, any of the 
techniques disclosed in U.S. patent application Ser. No. 
14/252,585 to Doug Hofmann et al. can be implemented to 
shape the material. For example, U.S. patent application Ser. 
No. 14/252,585 describes localized thermoplastic forming, 
using a heated fluid to deform a material, frictionally heating 
the material to shape it, and cold-forming a sheet material. 
Any suitable technique can be used to deform the formed 
sheet material into a desired shape in accordance with 
embodiments of the invention. Although the above section 
has discussed the mechanical deformation sheet of material 
formed by the ultrasonic welding of constituent ribbons, it 
can be appreciated that any suitable structure can be 
deformed to form a desired structure in accordance with 
embodiments of the invention—not just sheet materials. 

Thus, it is seen that the above-described techniques can be 
implemented in any of a variety of ways in accordance with 
embodiments of the invention. Moreover, they can be modi- 
fied in any number of ways in accordance with embodiments 
of the invention. For example, in many embodiments a 
method of fabricating an object including a metallic glass- 
based material includes fabricating a ribbon including a 
metallic glass-based material, where the metallic glass- 
based material was formed with a cooling rate above 
approximately 10° K/s, ultrasonically welding the ribbon to 
a surface to form a sheet of material, and deforming the sheet 
of material to form a desired shape. Of course, one of 
ordinary skill in the art would recognize that the above 
mentioned concepts can be varied in any number of ways; it 
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is therefore to be understood that the present invention can 
be practiced otherwise than specifically described. Examples 
are now discussed below describing particular applications 
as to how the above-described techniques can be imple- 
mented. 


EXAMPLES OF FABRICATING OBJECTS 
INCLUDING METALLIC GLASS-BASED 
MATERIALS USING ULTRASONIC WELDING 


The above-described techniques are versatile and can be 
implemented in any of a variety of scenarios in accordance 
with embodiments of the invention. For example, in some 
embodiments, the above described techniques are used to 
fabricate a pipe having a reduced friction inner lining. 
Generally, metallic glass-based materials can be made to 
possess a reduced coefficient of friction. Accordingly, lining 
the inside of a pipe with a metallic glass-based material can 
allow it to more easily transport fluid. Additionally, the 
energy required to transport fluid can also be reduced. FIG. 
13 diagrams ultrasonically welding a ribbon that includes a 
metallic glass-based material having a reduced coefficient of 
friction to the interior of a pipe in accordance with embodi- 
ments of the invention. In particular, the illustration depicts 
that an ultrasonic welding apparatus 1308 is being used to 
ultrasonically weld a ribbon 1302 to a pipe 1304. As a result, 
any fluid flow that passes through the pipe can be transported 
more easily, as the metallic glass lining can provide a 
reduced friction surface. It should be clear that although the 
ribbon is depicted as lining the inside of the pipe, the ribbon 
can be ultrasonically welded to any portion of the pipe in 
accordance with embodiments of the invention. 

In many embodiments, the above-described techniques 
are used to fabricate objects that include metallic-glass 
based materials that are based on precious metals. For 
example, in many embodiments, jewelry can be fabricated 
using the above described techniques. As described above, 
the ribbon materials that are implemented in the above- 
described techniques can include metallic glass-based mate- 
rials that include precious metals (which may require high 
cooling rates to form). Accordingly, metallic glass-based 
materials where the most abundant constituent element is a 
precious metal—e.g. one of gold, silver, platinum, ruthe- 
nium, rhodium, palladium, osmium, iridium, and combina- 
tions thereof—can be implemented. For instance, in many 
embodiments, a ribbon including a metallic glass-based 
material that is based on a precious metal is ultrasonically 
welded to a surface. By iteratively ultrasonically welding 
such ribbons, an object that substantially includes precious 
metal material can be fabricated. In many instances, these 
techniques are used to fabricate a piece of jewelry that 
includes more than 60% precious metal. In a number of 
embodiments, the fabricated piece of jewelry includes more 
than 90% of precious metal. In numerous embodiments, the 
fabricated piece of jewelry includes 95% precious metal. 
Such objects may be particularly valuable insofar as the 
jewelry industry is keenly interested in obtaining jewelry 
that is of high purity (e.g. greater than 90% precious metal). 
Although it should of course be recognized that fabricated 
objects can include precious metals to any extent using 
techniques in accordance with embodiments of the inven- 
tion. 

As can be inferred from the above discussion, the above- 
mentioned concepts can be implemented in a variety of 
arrangements in accordance with embodiments of the inven- 
tion. Accordingly, although the present invention has been 
described in certain specific aspects, many additional modi- 
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fications and variations would be apparent to those skilled in 
the art. It is therefore to be understood that the present 
invention may be practiced otherwise than specifically 
described. Thus, embodiments of the present invention 
should be considered in all respects as illustrative and not 
restrictive. 

What claimed is: 

1. A method of fabricating an object that includes a 
metallic glass-based material comprising: 

ultrasonically welding a first ribbon to a surface; 

ultrasonically welding at least a second ribbon to a 

surface; 

wherein at least the first ribbon or the second ribbon has 

a thickness of less than approximately 150 um; and 
wherein at least the first ribbon or the second ribbon 
comprises a metallic glass-based material; 

wherein each of the first ribbon and the at least second 

ribbon conforms to a geometry that is entirely defined 
by a flat face extruded through a thickness; 

wherein the ultrasonic welding of at least one ribbon to a 

surface results in the bonding of the majority of the 
surface area of the respective flat face to the surface; 
and 

wherein the ribbons ultrasonically welded to respective 

surfaces collectively define a desired shape in the 
object to be fabricated. 

2. The method of claim 1, wherein at least one ribbon that 
is ultrasonically welded to a surface has a thickness of less 
than approximately 100 um. 

3. The method of claim 2, wherein the metallic glass- 
based material was formed by exposing its composition to a 
cooling rate of greater than approximately 10° K/s. 

4. The method of claim 1, wherein the metallic glass- 
based material was formed by exposing its composition to a 
cooling rate of greater than approximately 10* K/s. 

5. The method of claim 3, wherein at least one ribbon that 
is ultrasonically welded to a surface comprises a metallic 
glass-based material having a composition that is character- 
ized by a critical casting thickness of greater than approxi- 
mately 1 mm. 

6. The method of claim 3, wherein at least one ribbon that 
is ultrasonically welded to a surface comprises a metallic 
glass-based material having a composition that is character- 
ized by a temperature difference between its respective glass 
transition temperature and its crystallization temperature of 
greater than approximately 90° C. 

7. The method of claim 3, wherein the metallic glass- 
based material is such that when the associated ribbon is 
ultrasonically welded to a surface, the adjoined surfaces 
exhibit less than 10% porosity. 

8. The method of claim 3, wherein at least one ribbon that 
is ultrasonically welded to a surface comprises a metallic 
glass-based material, for which the most abundant constitu- 
ent element is one of: Zr, Ti, Cu, Ce, Ni, Fe, La, Mg, Pd, Pt, 
Au, and Ag. 

9. The method of claim 8, wherein at least one ribbon that 
is ultrasonically welded to a surface comprises a metallic 
glass-based material that is one of: Zr;,Ti,Cu,;Be,5; 
Zr541i, Cu,» sBeo» 5; Zt35TizqCUg 2sBe26.753 
241.211 3.gNijoCuy2 sBess 5; Zt46.75Tig.25NijoCu7 sBea7.5, 
Pd43Ni, (CUz7P 2; PtgoNi, sP os; CeggCua Al, oNb»; 
AuyoAgs sPd> 3CUx6 9Si16.3; Pts7 sCuy4.7Nis 3P29 53 
Z136 6113, 4Nb;Cus oBe,9 3 TiygZf.9 V}>Cu;Be,;,; and mix- 
tures thereof. 

10. The method of claim 3, wherein the ultrasonic welding 
of at least a second ribbon to a surface occurs subsequent to 
the ultrasonic welding of the first ribbon to a surface. 
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11. The method of claim 10, wherein at least one surface 
that either the first ribbon or the second ribbon is ultrasoni- 
cally welded to comprises a metallic glass-based material. 

12. The method of claim 10, wherein at least one surface 
that either the first ribbon or the second ribbon is ultrasoni- 
cally welded to comprises a conventional crystalline metal. 

13. The method of claim 10, further comprising removing 
portions of at least one ribbon that has been ultrasonically 
welded to a surface. 

14. The method of claim 13, wherein removing portions 
of at least one ribbon is accomplished using a milling tool. 

15. The method of claim 3, wherein at least one surface 
that a ribbon is ultrasonically welded to is flat. 

16. The method of claim 3, wherein at least one surface 
that a ribbon is ultrasonically welded to includes curves. 

17. The method of claim 3, wherein at least a plurality of 
ribbons are simultaneously ultrasonically welded together. 

18. The method of claim 3, further comprising deforming 
the ultrasonically welded ribbon. 

19. The method of claim 3, wherein the surface that a 
ribbon is ultrasonically welded to is the inner wall of a pipe, 
and wherein the metallic glass-based material is character- 
ized by a reduced coefficient of friction relative to the inner 
wall of the pipe. 
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20. The method of claim 3, wherein the metallic glass- 
based material includes a precious metal. 

21. The method of claim 20, wherein the precious metal 
is one of gold, silver, platinum, ruthenium, rhodium, palla- 
dium, osmium, iridium, and combinations thereof. 

22. The method of claim 21, wherein each of a plurality 
of ribbons is ultrasonically welded to a surface, such that the 
aggregate of each of the plurality of ribbons forms a piece 
of jewelry. 

23. The method of claim 22, wherein the formed piece of 
jewelry includes greater than approximately 90% precious 
metal, as measured by mass. 

24. The method of claim 22, wherein the formed piece of 
jewelry includes greater than approximately 90% precious 
metal, as measured by atomic ratio. 

25. The method of claim 22, wherein the formed piece of 
jewelry includes greater than approximately 95% precious 
metal, as measured by mass. 

26. The method of claim 22, wherein the formed piece of 
jewelry includes greater than approximately 95% precious 
metal, as measured by atomic ratio. 


* * * * * 


